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The expression and function of endothelin (ET) receptors are abnormal in cardiovascular diseases,
tumor progression, and tumor metastasis. A previously reported promising radioligand for positron
emission tomography (PET) based on the non-peptide ETA receptor antagonist PD 156707 showed
specific binding to target receptors in the myocardium but high accumulation in bile and intestine,
probably because of its high lipophilicity. In this studywe describe the synthesis of a series of fluorinated
derivatives with hydrophilic building blocks. All compounds were evaluated as high affinity ETA

receptor ligands (16, 17, 23-26, Ki = 1.4-7.9 nM) with high subtype selectivity over the ETB receptor.
[18F]3-Benzo[1,3]dioxol-5-yl-4-{3-[1-(2-{2-[2-(2-fluoroethoxy)ethoxy]ethoxy}ethyl)-1H-[1,2,3]triazol-
4-ylmethoxy]-4,5-dimethoxybenzyl}-5-hydroxy-5-(4-methoxyphenyl)-5H-furan-2-one ([18F]17) was
synthesized as one of the radioligands of this series that possesses a higher hydrophilicity and an
excellent stability in human serum. Improved clearance properties and specific uptake in target organs
have been confirmed by biodistribution studies and small animal PET imaging.

Introduction

The endothelin (ETa) system comprises a family of three
small (21 amino acid) peptides (ET-1, ET-2, and ET-3) and
two G-protein-coupled receptor subtypes (ETA and ETB).
The endothelin receptor subtypes differ with regard to their
location and function. While ETA receptors are primarily
located on vascular smooth muscle cells and are responsible
for vasoconstriction and cell proliferation, ETB receptors are
located on smooth muscle cells and vascular endothelial cells,
causing vasodilation, and are responsible for the clearance of
ET-1 from plasma, e.g., in lung tissue.1 The endothelins and
their receptors play an important role in the pathophysiology
of cardiovascular, inflammatory, and renal diseases2-8 and of
certain human cancer types.9-12 In several humanmalignancies
an increased expression of ET-1 has been found.13-17 The
ETA receptor, the most important ET-1 binding receptor,
mediates tumorigenesis and tumor progression by activation
of tumor proliferation,14 invasion,18 angiogenesis,19 and inhibi-
tion of apoptosis.20,21 Accordingly, increased ETA receptor

expression has been demonstrated in various cancers.14,15,22

Because of these findings, the ETA receptor has been suggested
as a target for anticancer therapy.Theorally bioavailableETA

receptor antagonist (2R,3R,4S)-4-(1,3-benzodioxol-5-yl)-
1-[2-(dibutylamino)-2-oxoethyl]-2-(4-methoxyphenyl)pyr-
rolidine-3-carboxylic acid (atrasentan, ABT-627)23 has been
shown to inhibit the growth of ovarian and cervix carcinoma
cell xenografts24,25 and to be effective in patients with advanced
androgen-refractory prostate carcinoma.26,27 The in vivo
visualization of the ET system in affected tissue with scinti-
graphic techniques, such as positron emission tomography
(PET), would be highly valuable for clinical diagnosis and
evaluation of therapy. Different ET receptor ligands
have been developed, radiolabeled by [11C]methylation or
[18F]fluorination, and utilized for PET imaging of the ET
receptor distribution in a baboon,28 dog,29 and rats.30However,
up to now, none of these approaches have been applied to in
vivo imaging of ET receptors in humans. Therefore, there is
still a strong motivation to design ET receptor radioligands
for clinical applications.

We have focused our investigations on different labeling
strategies using the lead structure 1 (PD 156707)31 (Figure 1),
a non-peptide ETA receptor antagonist with high ET receptor
affinity and selectivity.32,33 We have developed a fluorescent
photoprobe, based on the lead structure 1,34 and recently
published the synthesis of the 18F-labeled derivative [18F]6
(Scheme 1).35 The synthesis was achieved by condensation of
benzaldehyde 2 with keto ester 3 to afford the bromoethoxy
substituted butenolide derivative 4 (Scheme 1). Bromo sub-
stitutionwith silver tosylate (AgOTos) led to the radiolabeling

*To whom correspondence should be addressed. Phone: þ49 251
8344701. Fax: þ49 251 8347363. E-mail: kristin.michel@uni-muenster.de..

aAbbreviations: AcOH, acetic acid; AgOTos, silver tosylate; CH,
cyclohexane; clogD, calculated logarithm of distribution coefficient
between octanol and water; CT, computer tomography, DMF, di-
methylformamide; EA, ethyl acetate; EOS, end of synthesis; ET, en-
dothelin; ETA/B, endothelin type A/B; LV, left ventricle; MeOH,
methanol; PET, positron emission tomography; PBS, phosphate buf-
fered saline; PEG, polyethylene glycol; SD, standard deviation; SEM,
standard error of the mean; TBAF, tetrabutylammonium fluoride;
TFA, trifluoroacetic acid; VOIs, volumes of interest.
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precursor 5, whichwas converted to the 18F-substituted target
compound [18F]6 using the [18F]fluoride (potassium-222
cryptate) system.

The ETA receptor radioligand [18F]6 was applied to first
in vivo studies. The myocardium of wild-type mice, normally
showingahighETAreceptordensity (78.5(8.3amol 3mm-2),36

was successfully visualized by PET. Specific uptake in the
myocardium was confirmed in biodistribution studies by pre-
dosing experiments using compound 1. Unfortunately, the
radioligand [18F]6 revealed an insufficient metabolic stability
and a high degree of accumulation in liver, intestine, and bile,
presumably because of its high lipophilicity.

One approach to modify pharmacokinetic properties is to
attach polyethylene glycol (PEG) units, which are known to
have significant effects on pharmacokinetic and pharmaco-
dynamic properties of peptides and small-molecule drugs.37,38

Moreover, PEG conjugates increase solubility in aqueous
media either by permanent PEGylation or in cleavable pro-
drug approaches.39

1,2,3-Triazoles possess a large dipole moment and act as
weakhydrogenbondacceptors andmay therefore be regarded
ashydrophilic building blocks.40Additionally, they showhigh
stability against oxidation or reduction andmay contribute to
receptor binding because of stacking interactions and hydro-
gen bonding.41

In this study we describe the synthesis and in vitro char-
acterization of a new series of selective ETA receptor ligands
and their labeling precursors derived from the lead structure
1 modified with hydrophilic building blocks to improve their
pharmacokinetic properties. We introduced a triazole group,
following the conceptof click chemistry introducedbySharpless
et al.,42 and a PEG spacer, which was known by our previous
results to have neither effect on receptor affinity nor subtype

selectivity.34 A first candidate was radiolabeled by nucleo-
philic substitution of a tosylate bearing synthon by [18F]fluoride
in a semiautomatic one-pot two-step procedure. The [18F]ETA

receptor ligandwas applied to biodistribution studies and small
animal PET imaging for evaluation of uptake and clear-
ance properties in vivo.

Results and Discussion

Chemistry. Our aim was to synthesize triazole and PEG
containing derivatives of 1. We started with the synthesis of
the azido and propargyl bearing benzaldehydes 10a-c and
the fluorinated aldehyde 10d. The compoundswere prepared
in 68-97% yield by reaction of commercially available 4,
5-dimethoxy-3-hydroxybenzaldehyde and propargyl bromide,
mesylated or tosylated PEG derivatives 7-9 under basic
conditions in dimethylformamide (DMF) (Scheme 2). 1,
3-Dipolar cycloadditionofpropargyl substitutedbenzaldehyde
10a and azido-substituted PEG derivative 11was carried out
using copper(II) sulfate and sodium ascorbate in DMF
which affords the triazole containing aldehyde 12 in 84%
yield. All PEG derivatives (7-9 and 11) were synthesized
following literature procedures.34,43 The condensation reac-
tion of the aldehydes 10a-c and 12with keto ester 3 afforded
the butenolides 13-15 as suitable click precursors in yields of
72-88% and the ETA receptor ligands 16 and 17 as non-
radioactive target compounds in yields of 27% and 63%
(Scheme 2). The alkyne- and azido-substituted butenolides
13-15 can be used for the synthesis of the 19F-reference
compounds and as precursors for radiolabeling in a two-step
procedure with the corresponding 18F-labeled synthons.

With thealkyne- andazido-substitutedbutenolidederivatives
14 and 15 in hand, we prepared a new series of fluorinated,
triazole, and PEG containing compounds of the lead struc-
ture 1 by 1,3-dipolar cycloaddition. ETA receptor ligands 19
and 23-26 were synthesized in yields of 28-61% in analogy
to the procedure described for 12 (Scheme 2) by click reaction
with fluoropyridyl derivatives 18 and 20, sulfonamides 21a
and 21b, and propargyl fluoride (22) (Scheme 3).

Receptor Binding Studies.Compounds 16, 17, 19, and 23-
26 were subjected to receptor binding studies. The binding
potencies toward endothelin receptors were determined by
competition binding studies using [125I]ET-1 and mouse
membrane preparations of myocardial ventricles. The binding
of the nonselective ET receptor ligand [125I]ET-1 to ventric-
ular membranes was specific, saturable and of high affinity.
The inhibition constants Ki(ETA) and Ki(ETB) are displayed
in Table 1. All newly prepared butenolide derivatives show a
high affinity to the ETA receptor withKi values ranging from
1.4 to 7.9 nM and are comparable to our previously reported
derivative 6 with Ki value of 1.1 nM. All compounds exhibit
higher affinities to the ETA receptor than to the ETB receptor
with ratios for Ki(ETB)/Ki(ETA) from∼11 for compound 23

to∼3500 for compound 16. This wide tolerance for different
substituents is consistentwith the detailed structure-activity
relationship determined by Patt et al.33 However, the selec-
tivities of the ligands suffer from these modifications. Li-
gand 17 displays the best selectivity (3521:1) to the ETA

receptor combinedwith a clogDvalue of 1.79whichmakes it
a rather hydrophilic compound along with 19 with a clogD
value of 1.50 (Table 1). For this reason, we chose 17 as the
first candidate for the development of its radiofluorinated
component [18F]17 and for the first in vitro and in vivo
studies.

Figure 1. Structure of lead compound 1.

Scheme 1. Development of 18F-Labeled ETA Receptor Radi-
oligand [18F]6a

aReaction conditions: (a) (1) Na, MeOH, reflux, 19 h; (2) acetic acid

(AcOH), reflux, 7 h; (b) AgOTos, CH3CN, reflux, 17 h; (c) [18F]fluoride

(potassium 222 cryptate), CH3CN, 85 �C, 10 min.
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Radiochemistry. We first attempted a one-step radiofluo-
rinationprocedurewith typical reaction conditions for fluorine-
to-tosyloxy substitution (data not presented). In spite of
using different solvents at different temperatures and varying
reaction times, we observed very low radiochemical yields
(<5%) and many radioactive side products. So we changed
our labeling strategy to the 1,3-dipolar azide-alkyne cy-
cloaddition following the concept of click chemistry intro-
duced by Sharpless et al.,42 which has also been used for
18F-radiolabeling methods, in order to take advantage of
its selectivity, reliability, and speed under mild aqueous

CuI-promoted reaction conditions.44-50 For the radiosynthe-
sis of [18F]17 we developed a one-pot two-step procedure
avoiding the time-consuming isolation of the intermediate
radiosynthon [18F]11 by semipreparative HPLC. As the
first step, the precursor tosylate 27 was radiofluorinated in
DMF at 120 �C using [18F]tetra-n-butylammonium fluoride
([18F]TBAF) in a reaction time of 10 min. Subsequently the
precursor 13, dissolved in 200 μL of DMF, and aqueous
solutions of copper(II) sulfate pentahydrate and sodium
ascorbate were added at 60 �C (Scheme 4). This approach
successfully provided the 1,2,3-triazole-linked PEG-ETA

Scheme 2. Synthesis of Butenolide Derivatives 13-17
a

aReaction conditions: (a)K2CO3, DMF, 80 �C, 2 h; (b) Cs2CO3, DMF, 90 �C, 1.5 h; (c) CuSO4 3 5H2O, sodiumascorbate,DMF, room temp, 12 h; (d)

(1) 3, Na, MeOH, reflux, 19 h; (2) AcOH, reflux, 7 h.

Scheme 3. Synthesis of 1,2,3-Triazoles 19 and 23-26a

aReaction conditions: (a) CuSO4 3 5H2O, sodium ascorbate, DMF, room temp, 12 h.
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receptor ligand [18F]17 with a radiochemical yield of 24( 9%
(decay corrected, n = 3) in 130 min from the end of radio-
nuclide production including isolation by semipreparative
HPLC and formulation. The radioligand was formulated in
phosphate buffered saline (PBS) to determine logD7.4 values
and to study its in vitro stability in human serum at 37 �C.
The radiochemical purity of the radioligand [18F]17 was
>98%, and the specific activity was 17-35 GBq 3 μmol-1

at the end of synthesis (EOS). Further optimization of the
radiochemical yield as well as the minimization of the reac-
tion and purification time would be necessary for clinical use
considering the short half-life of fluorine-18 (110 min) and
will be accomplished if the in vivo performance of the tracer
in diseasemodels with up-regulated ETA receptor expression
appears promising.

Hydrophilicity. As a marker of hydrophilicity, the partition
coefficients (logD values) of [18F]17 and [18F]6 were deter-
mined experimentally to be 0.89( 0.09 and 1.71( 0.05 (mean
( SD). However, calculated clogD7.4 values obtained by the
softwareACD/Chemsketch (versionACD/Labs 6.00) revealed
values of 1.79 for 17 and 3.51 for 6. The significant difference
between calculated and experimental values could be partially
an effect of the tautomerism that occurs under physiological
pH conditions whichwas discovered and examinedwithNMR
by Patt et al. (Figure 2).33 The ketocarboxylates B are more
hydrophilic than the closed formsA (ΔclogD7.4=1.15, Table 1)

and have a decreasing effect on the experimental logD value
which was determined in PBS buffer at a pH value of 7.4. The
deviation of experimentally determined and calculated logD
values depends on the equilibrium of the two tautomers and is
significantly lower for the open butenolide derivative B.

The influence of the modifications with the hydrophilic
building blocks PEG and triazole is displayed by the calcu-
lated logD values in Table 1. Compared to the fluoroethoxy
substituted butenolide 6, the PEGylated derivative 16 reveals
a significant shift of 1.11 clogD units which displays an
increase in the hydrophilicity of 13 times. Modification with
a triazole leads to an additional difference of 0.60 for com-
pound 17 and 0.24 for the ligand 26, indicating a 2-4 times
increase of hydrophilicity. The introduction of less hydrophilic
labeling synthons like 4-fluorobenzenesulfonamides reduces
the effects displayed by the clogD values of compound
25 (clogD(A) = 2.76) and the N-methylated derivative 24

(clogD(A)=3.27).Theuseof analkyl chain containing synthon
in the ligand 23 actually fully compensates the hydrophilic
effects of the PEG and triazole moieties. When the alkyl spacer
between the 2-fluoropyridinyl substituent and the triazole
ring was replaced by an additional PEG unit, the most
hydrophilic derivative 19 (clogD(A)=1.50) of this series of
ETA-receptor ligands was obtained.

Metabolic Stability. Metabolic studies of fluoroethoxy
derivative [18F]6were carried out in vitro by incubation with
rat plasma and in vivo with blood samples taken at several
time points after tail vein injection. These studies revealed
polar radiometabolites within 20 min after injection in mice.35

A possible metabolic pathway could be the defluoroethyla-
tion which leads to 2-[18F]fluoroethanol and its oxidation
products [18F]fluoroacetaldehyde and [18F]fluoroacetate,
whichwerealsoobservedbyZoghbi et al. for a radiofluorinated
dopamine transporter ligand.51 This problem of defluor-
oethylation should be circumvented by the introduction of

Table 1. Inhibition Constants of the Fluorinated Target Compounds Obtained via Radioligand Binding Assay Using Mouse Ventricular Membrane
Preparations and the Calculated logD Values of the Tautomeric Butenolids A and B in Comparison with Experimentally Determined logD Values

Ki
a ( SEM (nM) logD

compound ETA ETB ETB/ETA clogD b (A) clogD b (B) logD (exptl)c

6 1.1 ( 0.6 240 ( 16 218 3.51 2.36 1.71 ( 0.05

16 1.4 ( 0.7 418 ( 213 299 2.40 1.25

17 2.4 ( 0.7 8450 ( 4555 3521 1.79 0.64 0.89 ( 0.09

19 4.4 ( 2.1 5340 ( 2292 1214 1.50 0.35

23 3.5 ( 2.4 37 ( 22 11 3.90 2.75

24 3.9 ( 1.2 288 ( 145 74 3.26 2.11

25 7.3 ( 3.6 893 ( 566 122 2.77 1.62

26 7.9 ( 1.7 6450 ( 6120 816 2.16 1.01
aValues are the mean ( SEM of three experiments. b clogD values were calculated for the closed form A and the keto carboxylate B by ACD/

Chemsketch, versionACD/Labs 6.00 (logD=logP at physiological pH (7.4)). c logD values were determined for compounds [18F]17 and [18F]6; values
are the mean ( range of two independent experiments.

Scheme 4. Radiosynthesis of 18F-Labeled [18F]17a

aReaction conditions: (a) [18F]TBAF, DMF, 120 �C, 10 min; (b) 13,

CuSO4 3 5H2O, sodium ascorbate, DMF, 60 �C, 10 min.

Figure 2. Butenolide tautomerization between closed form A and
keto carboxylate B.
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the PEG spacer and the triazole moiety as well as the choice
of different binding modes of the fluorine atom (aliphatic,
aromatic, and heteroaromatic).

Preliminary metabolic studies of [18F]17 were carried out
by in vitro incubation of human serum at 37 �C where an
excellent stability was observed. Even after long-term incu-
bation for up to 120 min, only parent [18F]17 and no radio-
metabolites were detected by radio-HPLC (Figure 3).

Ex Vivo Biodistribution Studies. Figure 4 shows the bio-
distribution of [18F]17 and the effects of predosing with
unlabeled ETA receptor antagonist 1 on tissue uptake of
radioactivity at 30 min after injection. There was uptake of
radioactivity in duodenum and stomach in control mice
(predosing with water), uptake indices being significantly
greater than that for plasma. In other tissues, however, uptake
indices were comparable to (myocardium, liver, kidney, lung,
colon) or lower than (spleen, muscle, brain) plasma. Predosing
with compound 1 significantly reduced the uptake in myo-
cardium, kidney, lung, and liver, indicating that the uptake
of [18F]17 is low but specific.

There was considerable radioactivity in the contents of the
stomach and duodenum and in bile and urine (data not
shown). When the gall bladder was visible (nine mice), high
levels of radioactivity were detected in the bile (uptake index
8-67), and no significant difference between predosing with
water or receptor ligand 1was observed. Urine samples were
obtained from four mice with moderate levels of radioactivity
detected (uptake index 11-18).

In Vivo PET Studies. For PET studies mice were intrave-
nously injected with the radiotracer [18F]17 with its biodis-
tribution monitored for 90 min by dynamic PET scanning,
co-registered to a CT. Figure 5 shows coronal whole body

images at four different time frames and a co-registration to
theCT.Low tracer uptake of nontarget organs such as brain,
lung, andmuscle was observed. There was initial high uptake
in the liver followed by rapid clearance into the gallbladder
and the gastrointestinal tract. There was also notable uptake
in the bladder indicative of renal excretion. The low accu-
mulation of activity in the skeleton suggests that the extent of
tracer defluorination and formation of free [18F]fluoride is
negligible.

Figure 6 shows time activity curves for volumes of interest
(VOIs) in the blood, myocardium, and lung. The curves do
not demonstrate a significant retention of [18F]17 in myo-
cardium and lung. The nanomolar carrier amount of 17

injected, however, may be too high to enable the detection of
specific uptake by small animal PET in vivo.

Figure 7 shows early uptake of radioactivity in liver with
subsequent clearance.Theuptakeandclearanceof radioactivity
in the gall bladder (bile) were slightly later than in the liver.
The kidney curve shows an early increase and a subsequent
loss of radioactivity which was associated with an increase
in radioactivity in the bladder (urine).

In comparison to compound [18F]6, the more hydrophilic
compound [18F]17 shows improved pharmacokinetic prop-
erties.Whereas high accumulation in liver and kidney and no
activity in the bladder were observed for [18F]6, [18F]17
shows rapid clearance from the liver and accumulation of
the tracer in the bladder. This is clearly a shift toward improved
properties for in vivo imaging especially of organs in the
abdomen.

Conclusion

We here report the synthesis of a series of new high affinity
ETA selective receptor ligandswith clogDvalues ranging from

Figure 3. Stability of [18F]17 (tR = 17.2 min; C18, linear gradient
from 40% to 95% CH3CN in water (0.1% TFA) over 5 min
following 95% CH3CN (0.1% TFA) in water (0.1% TFA) over
15 min, 1.5 mL 3min-1) after incubation in human serum in vitro at
37 �C after 30 min (top), 90 min (middle), and 120 min (bottom).

Figure 4. Effect of the ETA receptor antagonist 1 on radioactivity
in tissues of mice at 30 min after intravenous injection of [18F]17.
Water for injection (5 mice) or compound 1 at 5 μmol 3kg

-1 (six
mice) was injected 10 min before [18F]17 at 2.5 nmol 3 kg

-1. Tissue
radioactivity (mean uptake index with standard errors) is shown for
each tissue: (/) significant difference (t test, p < 0.05); (black bar)
water for injection; (gray bar) compound 1.
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1.50 to 3.90 which allow systematic investigations of pharma-
cokinetic properties andmetabolic stability. The first candidate
has been successfully radiolabeled by a semiautomatic one-pot
two-step procedure using the concept of click chemistry. The
radioligand [18F]17 revealed a lower logP value compared to
compound [18F]6described earlier by our group35 and showed
ahigh serumstability. In vivobiodistribution studies confirmed

favorable clearance properties due to a mixture of hepatobili-
ary and renal excretion pathways. Additionally, a specific
tracer uptake in myocardium, lung, colon, kidney, and duo-
denum (organs with significant ETA expression) was demon-
strated by predosing experiments. In summary, the class of
[18F]17 analogs represents potential radiotracers for inves-
tigating endothelin receptors in vivo. In the next step, the 18F-
radiosyntheses of compounds 16, 19, and 23-26 will be
developed and preclinical PET/CT studies in disease models
with up-regulated ETA receptor expression will be assessed.

Figure 6. Uptake and clearance of radioactivity in tissues of mice
after intravenous injection of [18F]17 (5-10 MBq, 13-26
nmol 3 kg

-1) assessed by small animal PET. CT guided volumes of
interest (VOIs) were drawn in selected tissues and time activity
curves computed. Symbols at each time point indicate mean values
for four mice with standard errors. Unbroken lines indicate empirical
fits to the mean values. Dotted lines show the fit for blood (VOIs in left
ventricle) shown in the upper panel. Note the break in the time axis.

Figure 7. Uptake and clearance of radioactivity in organs, usually
involved in metabolism of radiotracers, after intravenous injection
of [18F]17 (5-10 MBq, 15-25 nmol 3kg

-1) into mice assessed by
small animal PET.CT guided regions of interest were drawn in liver,
gall bladder, kidney (cortex/medulla), and urinary bladder and time
activity curves computed. Symbols at each time point indicate mean
values for four mice with standard errors. Lines indicate empirical
fits to the mean. Upper panel: left axis shows scale for liver, and
right shows scale for gall bladder. Lower panel: left axis shows scale
for kidney, and right shows scale for urinary bladder. Note the
break in the time axis.

Figure 5. Biodistribution in small-animal PET and PET/CT after intravenous injection of [18F]17 in a Balb/c mouse. Panels A-D display
maximum intensity projections of the radioactivity in the time frames 2-3 min (A), 15-20 min (B), 50-60 min (C), 90-110 min (D).
Additionally an overview over the regions of interest (E), a fused PET/CT image (F), and a CT image (E) of the mouse are shown.
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Experimental Section

General. All reagents and solvents were purchased from
commercial sources and usedwithout further purification unless
otherwise specified. Melting points (mp) are uncorrected and
were determined in capillary tubes on a Stuart Scientific SMP3
capillary melting point apparatus. 1H, 13C, and 19F NMR spectra
were recorded on Bruker AV400 or AV300 spectrometers.
Tetramethylsilane (1H), CDCl3 (13C), and CFCl3 (19F) were
used as internal references, and all chemical shift values were
recorded in ppm (δ). Mass spectrometry analysis (ESI-EM) was
performed using a MicroTof (Bruker Daltronics, Bremen) instru-
ment. The mass calibration was carried out before the measure-
ment using sodium formate clusters. Thin layer chromatography
(TLC)was carried out on silica gel coated polyester backedTLC
plates (Polygram, SILG/UV254,Macherey-Nagel) using solvent
mixtures of cyclohexane (CH), ethyl acetate (EA), andmethanol
(MeOH). Compounds were visualized by UV light (254 nm).
(Radio)HPLC was performed on the following system: Two
pumps and S-2500 UV detector (Herbert Knauer GmbH,
Berlin, Germany), GabiStar γ-detector (Raytest Isotopenmess-
ger€ate GmbH, Straubenhardt, Germany). The recorded data
were processed by the ChromGate HPLC software (Knauer).
Each 18F-labeled compound was identified by retention time
(tR) on the radio-HPLC system and co-injection of the corre-
sponding nonradioactive reference compound. The purity of all
biologically tested and radioactive compounds was confirmed
by analytical reversed phaseRP-HPLC (unless otherwise stated:
Nucleosil 100-5 C18, 250 mm� 4.6 mm; flow, 1.5 mL 3min-1; 4
min 40%CH3CN (0.1%TFA) inwater (0.1%TFA) following a
linear gradient from 40% to 95%CH3CN in water (0.1%TFA)
over 31 min). All final compounds were found to have g95%
purity unless otherwise specified. Sodium 2-benzo[1,3]dioxol-5-
yl-4-(4-methoxyphenyl)-4-oxo-3-(3,4,5-trimethoxybenzyl)but-
2-enoate,32 2-(1,3-benzodioxol-5-yl)-1-(4-benzyloxyphenyl)-4-ox-
obutyric acid methyl ester 3,32 methanesulfonic acid 2-{2-[2-(2-
prop-2-ynyloxyethoxy)-ethoxy]ethoxy}ethyl ester 8,43 1-azido-
2-{2-[2-(2-fluoroethoxy)ethoxy]ethoxy}ethane 11,43 toluene-4-sul-
fonic acid 2-{2-[2-(2-azidoethoxy)ethoxy]ethoxy}ethyl ester 27,43

4-fluoro-N-methyl-N-(prop-2-inyl)benzolsulfonamide 21b,52 and
2-fluoro-3-(hex-5-ynyloxy)pyridine 2053 were synthesized fol-
lowing literature procedures. Toluene-4-sulfonic acid 2-{2-[2-(2-
fluoroethoxy)ethoxy]ethoxy}ethyl ester 9 was synthesized ac-
cording to the correspondingmethanesulfonic acid derivative.43

The analytical data correspond to literature data.54 Meth-
anesulfonic acid 2-{2-[2-(2-azidoethoxy)ethoxy]ethoxy}ethyl ester 7,
3-(2-{2-[2-(2-azidoethoxy)ethoxy]ethoxy}ethoxy)-4,5-dimethoxy-
benzaldehyde 10b, and 3-benzo[1,3]dioxol-5-yl-4-(3-(2-{2-[2-(2-
azidoethoxy)ethoxy]ethoxy}ethoxy)-4,5-dimethoxybenzyl)-5-
hydroxy-5-(4-methoxyphenyl)-5H-furan-2-one 14were synthesized
as described previously.34 3-(2-{2-[2-(2-Azidoethoxy)ethoxy]-
ethoxy}ethoxy)-2-fluoropyridine 18 was synthesized and gener-
ously provided byDaniela Schrigten55 using a procedure similar
to that described by Kuhnast et al.56 All animal experiments
were conducted in accordance with local institutional guidelines
for the care and use of laboratory animals.

General Procedure: Preparation of 3-Benzo[1,3]dioxol-5-yl-4-
aryl-5-hydroxy-5-(4-methoxyphenyl)-5H-furan-2-one Derivatives

(16, 17). Compounds 16 and 17 were synthesized from 2-(1,3-
benzodioxol-5-yl)-1-(4-benzyloxyphenyl)-4-oxobutyricacidmethyl
ester 3 (3.7-16.0mmol, 1 equiv), the corresponding benzaldehydes
10d and 12 (1.04 equiv), and sodiummetal (1.04 equiv) inmethanol
(2.5 mL 3mmol-1) followed by reaction with acetic acid (2.5 mL 3
mmol-1) according to the method described by Doherty et al.32

The crude products were purified by column chromatography.
3-Benzo[1,3]dioxol-5-yl-4-{3-(2-(2-(2-(2-fluoroethoxy)ethoxy)-

ethoxy)ethoxy)-4,5-dimethoxybenzyl}-5-hydroxy-5-(4-methoxy-
phenyl)-5H-furan-2-one (16). 16 was obtained from 10d (1.3 g,
3.5 mmol) and 3 (1.2 g, 3.6 mmol) as a viscous, yellow oil (1.4 g,
2.2 mmol, 63%). TLC (CH/EA, 1:1): Rf=0.13. 1H NMR (300

MHz, CDCl3) δ 7.39 (d, 3J=7.3 Hz, 2H), 6.97-6.92 (m, 2H),
6.88-6.78 (m, 3H), 6.19 (s, 1H), 6.02 (s, 1H), 5.96 (s, 2H), 4.97
(br, 1H), 4.63-4.59 (m, 1H), 4.47-4.43 (m, 1H), 4.01-3.95 (m,
2H), 3.79 (s, 3H), 3.79-3.75 (m, 2H), 3.74 (s, 3H), 3.72-3.61 (m,
12H), 3.63 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 171.0, 160.3,
160.2, 153.0, 152.2, 148.1, 147.7, 137.2, 131.8, 128.9, 128.2, 127.4,
123.1, 123.0, 113.9, 109.4, 108.4, 108.1, 106.2, 105.7, 101.3, 83.1
(d, 1J=168 Hz), 70.7, 70.6, 70.6, 70.5, 70.3 (d, 2J=20 Hz), 69.8,
68.6, 60.8, 55.9, 55.3, 32.0. 19FNMR(282MHz,CDCl3,) δ-222.7.
MS-ES-EMm/z=693.2319 [(MþNa)þ], calcd for C35H39FO12-

Na 693.2318. HPLC tR=19.01 min (95.1%).
3-Benzo[1,3]dioxol-5-yl-4-{3-[1-(2-{2-[2-(2-fluoroethoxy)ethoxy]-

ethoxy}ethyl)-1H-1,2,3-triazol-4-ylmethoxy]-4,5-dimethoxybenzyl}-
5-hydroxy-5-(4-methoxyphenyl)-5H-furan-2-one (17). 17 was
obtained from 12 (1.7 g, 3.7 mmol) and 3 (1.2 g, 3.6 mmol) as a
viscous, yellow oil (0.7 g, 1.0 mmol, 27%). TLC (CH/EA,
1:8): Rf=0.20. 1H NMR (300 MHz, CDCl3) δ 7.85 (s, 1H),
7.47-7.39 (m, 2H), 6.93-6.70 (m, 6H), 6.62 (d, 4J=1.7 Hz,
1H), 6.05 (d, 4J=1.6 Hz, 1H), 5.93 (s, 2H), 5.13 (s, 2H), 4.64-
4.57 (m, 1H), 4.54-4.47 (m, 2H), 4.47-4.43 (m, 1H), 3.82-
3.56 (m, 23H). 13C NMR (75 MHz, CDCl3) δ 171.1, 160.6,
160.4, 153.2, 151.2, 148.2, 147.8, 143.6, 137.1, 132.2, 129.2, 128.7,
127.6, 125.1, 123.4, 123.2, 114.0, 109.4, 108.5, 108.3, 106.6,
106.3, 101.4, 83.3 (d, J=169 Hz), 70.9, 70.6, 70.6, 70.6, 70.4, 69.4,
61.7, 61.0, 56.0, 55.5, 50.7, 32.2. 19F NMR (282 MHz, CDCl3,)
δ -222.7. MS-ES-EM m/z=774.2641 [(M þ Na)þ] calcd for
C38H42FN3O12Na 774.2645. HPLC tR=21.23 min (99.5%).

General Procedure: Synthesis of 1,2,3-Triazols 19 and 23-26.
Aqueous solutions of copper(II) sulfate pentahydrate (0.4 M,
0.36mL 3mmol-1) andsodiumascorbate (0.6M,0.24mL 3mmol-1)
were added to an equimolar solution of the azide and the
corresponding alkyne compound (0.5-4.5 mmol) in DMF
(10 mL 3mmol-1). The mixture was stirred at room temperature
overnight. The solvent was evaporated in vacuo, and the residue
was redissolved in H2O and CHCl3. The aqueous layer was
extracted twice with CHCl3 (5 mL), and the combined organic
layers were dried (MgSO4). After evaporation of the solvent, the
residue was purified by silica gel column chromatography.

3-Benzo[1,3]dioxol-5-yl-4-[3-(2-{2-[2-(2-{1-[2-(2-{2-[2-(2-fluoro-
pyridin-3-yloxy)ethoxy]ethoxy}ethoxy)-ethyl]-1H-1,2,3-triazol-

4-ylmethoxy}ethoxy)ethoxy]ethoxy}ethoxy)-4,5-dimethoxybenzyl]-
5-hydroxy-5-(4-methoxyphenyl)-5H-furan-2-one (19). 19 was
obtained from 15 (0.35 g, 0.5 mmol) and 18 (0.16 g, 0.5 mmol)
as a yellow oil (250 mg, 0.24 mmol, 49%). TLC (EA/MeOH, 1:3):
Rf=0.30. MS-ES-EM m/z=1043.3905 [(M þ Na)þ] calcd for
C51H61FN4O17Na 1043.3908. HPLC tR=21.47 min (96.0%).

3-Benzo[1,3]dioxol-5-yl-4-[3-(2-{2-[2-(2-{4-[4-(2-fluoropyridin-
3-yloxy)butyl]-1,2,3-triazol-1-yl}ethoxy)ethoxy]ethoxy}ethoxy)-
4,5-dimethoxybenzyl]-5-hydroxy-5-(4-methoxyphenyl)-5H-furan-
2-one (23). 23 was obtained from 20 (0.10 g, 0.5 mmol) and 14

(0.35mg, 0.5mmol) as a yellowoil (1.7 g, 0.37mmol, 84%). TLC
(EA/MeOH, 15:1):Rf=0.38.MS-ES-EMm/z=909.3303 [(Mþ
Na)þ] calcd forC46H51FN4O13Na 909.3329.HPLC tR=24.18min
(98.6%).

N-[1-(2-{2-[2-(2-{5-[4-Benzo[1,3]dioxol-5-yl-2-hydroxy-2-(4-
methoxyphenyl)-5-oxo-2,5-dihydrofuran-3-ylmethyl]-2,3-dimeth-
oxyphenoxy}ethoxy)ethoxy]ethoxy}ethyl)-1H-1,2,3-triazol-4-

ylmethyl]-4-fluoro-N-methylbenzenesulfonamide (24). 24 was
obtained from 21b (0.11 g, 0.5 mmol) and 14 (0.35 g, 0.5 mmol)
as a yellow oil (0.29 g, 0.30 mmol, 61%). TLC (CH/EA, 1:5):
Rf=0.18. MS-ES-EM m/z=943.2840 [(M þ Na)þ] calcd for
C45H49FN4O14Na 943.2842. HPLC tR=25.35 min (99.1%).

N-[1-(2-{2-[2-(2-{5-[4-Benzo[1,3]dioxol-5-yl-2-hydroxy-2-(4-
methoxyphenyl)-5-oxo-2,5-dihydrofuran-3-ylmethyl]-2,3-dimeth-

oxyphenoxy}ethoxy)ethoxy]ethoxy}ethyl)-1H-1,2,3-triazol-4-

ylmethyl]-4-fluorobenzenesulfonamide (25). 25 was obtained
from 21a (0.11 g, 0.5 mmol) and 14 (0.35 g, 0.5 mmol) as a
yellow oil (0.19 g, 0.21 mmol, 42%). TLC (EA):Rf=0.22.MS-
ES-EMm/z=929.2725 [(MþNa)þ] calcd for C44H47FN4O14-

Na 929.2697. HPLC tR=33.70 min (95.1%).
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3-Benzo[1,3]dioxol-5-yl-4-{3-[2-(2-{2-[2-(4-fluoromethyl-1,2,
3-triazol-1-yl)ethoxy]ethoxy}ethoxy)ethoxy]-4,5-dimethoxybenzyl}-
5-hydroxy-5-(4-methoxyphenyl)-5H-furan-2-one (26). 26 was
obtained from alkyne 22 and azide 14 (0.51 g, 0.74 mmol) as a
yellow oil (0.16 g, 0.21 mmol, 28%). TLC (EA):Rf=0.27.MS-
ES-EMm/z=774.2641 [(MþNa)þ] calcd for C38H42FN3O12-

Na 774.2645. HPLC tR=22.28 min (96.0%).
Radiochemistry. General Methods. Radiofluorinations were

carried out on a modified PET tracer radiosynthesizer (TRAC-
ERLab FxFDG, GE Healthcare). The recorded data were pro-
cessed by the TRACERLab Fx software (GE Healthcare).
No-carrier-added aqueous [18F]fluoride was produced on a
RDS 111e cyclotron (CTI-Siemens) by irradiation of a 1.2 mL
water target using 10 MeV proton beams on 97.0% enriched
18O-water by the 18O(p,n)18F nuclear reaction. Typical batches
of [18F]fluoride ions were 5.4-9.9 GBq at the end of radio-
nuclide production for currents of 32 μA and irradiation times
of 4 or 10 min, respectively. To recover the 18O-water, the batch
of aqueous [18F]fluoride was passed through an anion exchange
resin (Sep-Pak Light Waters Accell Plus QMA cartridge, pre-
conditioned with 5 mL of 0.1MTBAHCO3 (pH 8.0) and 10 mL
of water).

3-Benzo[1,3]dioxol-5-yl-4-{3-[1-(2-{2-[2-(2-[18F]fluoroethoxy)-
ethoxy]ethoxy}ethyl)-1H-1,2,3-triazol-4-ylmethoxy]-4,5-dimeth-

oxybenzyl}-5-hydroxy-5-(4-methoxyphenyl)-5H-furan-2-one

([18F]17). No-carrier-added [18F]fluoride (5.4-9.9 GBq) was
eluted from a QMA-cartridge with a solution of TBAHCO3

(0.5mL, 0.1M, pH 8.0) and acetonitrile (0.5mL). Subsequently,
the aqueous [18F]TBAF solution was carefully evaporated to
dryness in vacuo. A solution of 27 (3.6 mg, 10 μmol) in anhydrous
DMF (0.5 mL) was added and stirred for 10 min at 120 �C. The
mixturewas cooled to 60 �C, and a solution of 13 (7.8mg, 15μmol)
in anhydrous DMF (0.2 mL), a solution of copper(II)sulfate
pentahydrate (0.4 M, 120 μL), and a solution of sodium
ascorbate (0.6M, 240 μL) were added. After 10 min the mixture
was dilutedwith a solution of 0.1MK2EDTA (13mL) and passed
through aWaters Sep-Pak Light C18 cartridge (preconditioned
with 10 mL of ethanol and 10 mL of water). The cartridge was
washed with 7 mL of water for injection, followed by elution of
crude [18F]17 with 1.0 mL of acetonitrile (DNA-grade). An
amount of 200 μL was fractionized by semipreparative HPLC
procedure (conditions: λ = 254 nm; flow = 5.5 mL 3min-1;
column=ACE-126-2510 (250 mm � 10 mm); 44% CH3CN
(0.1%TFA) in water (0.1%TFA) over 25min). The solvent was
evaporated in vacuo, and [18F]17 (∼120 MBq) was formulated
in saline/ethanol (10:1, 0.66 mL) for further experimental use.
Starting from [18F]fluoride the decay-corrected radiochemical
yield of [18F]17was 24( 9% (mean( SD, decay-corrected, n=3)
aftera total synthesis timeof130min.Radiochemicalpurity (>98%,
tR=21.2 min) and specific radioactivity (17-35 GBq 3 μmol-1)
were determined by analytical radio-HPLC.

In Vitro Determination of Receptor Affinities. Microsomes
were prepared by homogenizing myocardial ventricles from
CD1 Nu/Nu mice at 4 �C for 90 s in 1 mL of buffer A (10 mM
EDTA, 10 mMHEPES, 0.1 mM benzamidine, pH 7.4), using a
Polytron PT 1200 (Kinematica, Lucerne, Switzerland). Homo-
genateswere centrifuged at 45000g for 15min at 4 �C.The pellets
were resuspended in 1.8 mL of buffer B (1 mM EDTA, 10 mM
HEPES, 0.1 mM benzamidine, pH 7.4) and recentrifuged at
45000g for 15 min at 4 �C. The pellets were resuspended in
1.8mLofbufferBandcentrifugedat 10000g for 10minat 4 �C.The
supernatants were recentrifuged at 45000g for 15 min at 4 �C.
The pellets, partially enriched membranes, were resuspended in
buffer C (50 mM Tris-HCl, 5 mM MgCl2, pH 7.4) and stored
frozen at-80 �C. For competition binding studies, the prepared
membranes were resuspended in bufferD (10mMTris-HCl, 154
mM NaCl, 10 mM MgCl2, 0.3% BSA pH 7.4) at 0 �C. An
amount of 10 μg of membranes was incubated with constant
concentrations of [125I]ET-1 (40 pM, Perkin-Elmer Life Sciences
Inc., Billerica, MA, U.S.) and with varying concentrations

(1 pM to 10 μM) of ligands 17, 19, 23-26 at 37 �C for 2 h.
Reactions were stopped by filtering ontoWhatmanGF/B filters
and washed with distilled water. The membrane bound radio-
activity was determined in a γ counter (Wallac Wizard). Com-
petition binding curves were analyzed by nonlinear regression
analysis using the XMGRACE program (Linux software). The
high- and low-affinity IC50 values were converted into the high-
and low-affinity inhibition constants (Ki(ETA)and Ki(ETB)) by
the method of Cheng-Prusoff57 using the previously deter-
mined KD value of [125I]ET-1.58

Determination of Partition Coefficient (logD7.4). The lipophi-
licities of 18F-labeled radioligands [18F]6 and [18F]17 were
assessed by determination of the water-octanol partition coef-
ficient by the following procedure.59 1-Octanol (0.5 mL) was
added to a solution of approximately 20 kBq of the 18F-labeled
compound in PBS (0.5 mL, pH 7.4), and the layers were
vigorously mixed for 1 min at room temperature. The tubes
were centrifuged (3000 rpm, 2min), and three samples of 100 μL
of each layer were counted in a γ counter (Wallac Wizard). The
partition coefficient was determined by calculating the ratio
cpm(octanol)/cpm(PBS) and expressed as logD7.4 (log(cpmoctanol/
cpmPBS)). Two independent experiments were performed in tripli-
cate, and datawere provided asmean values( standard deviation.

Stability inHumanSerum.The serum stabilities of 18F-labeled
compounds were evaluated by incubation in human serum at
37 �C for up to 120 min. An aliquot of the PBS-formulated
18F-labeled compound (20 μL, 5MBq) was added to a sample of
human serum (200 μL), and the mixture was incubated at 37 �C.
Samples of 20 μL each were taken after periods of 10, 20, 30, 60,
90, and120minandquenched inmethanol/CH2Cl2 (1:1v/v, 100μL)
followed by centrifugation for 2 min. The organic layer was
analyzed by analytical radio-HPLC (flow, 1.5mL 3min-1, linear
gradient from 40% to 95% CH3CN in water (0.1% TFA) over
5min following 95%CH3CN (0.1%TFA) inwater (0.1%TFA)
over 15 min, tR=17.2 min).

Ex Vivo Biodistribution Studies. Studies were carried out in
mice, essentially as described previously.35 Adult Balb/c mice
(male and female, 25-32 g) were anesthetized by isoflurane/O2,
and fine catheters were inserted surgically into lateral tail veins.
Animals were allowed to recover from the anesthesia for ∼1 h,
andduring the studies theywere conscious but under light restraint.
[18F]ETA ligand [18F]17 (0.3-0.4MBq, 2.5-2.7 nmol 3 g

-1 body
weight) was injected as a bolus (2 μL 3 g

-1 body weight) via the
tail vein 10min after a bolus injection (1 μL 3 g

-1 bodyweight) of
1 (sodium salt, dissolved in water) at 5 μmol 3 kg

-1 (6 mice) or
water for injection (five mice). Mice were killed by intravenous
injection of sodium pentobarbitone (narcorin) at 200 mg 3 (kg
body weight)-1 and tissues were rapidly removed for measure-
ment of radioactivity. In the first experiment (five mice) the first
2 cmof small intestine after the stomach (designated duodenum)
was flushed with saline to remove its contents, cut open, and
blotted dry. In the second experiment, the duodenum was cut
open and its contents were removed to determine radioactivity.
Radioactivity in each tissue was expressed as an uptake index,
defined as

uptake index ¼ tissue radioactivity ðcpmÞ=tissue wet weight ðgÞ
radioactivity injected ðcpmÞ=body weight ðgÞ

In Vivo PET Studies.Uptake of radioactivity after intravenous
injection of ETA receptor ligand [18F]17 was visualized using
the high-resolution quadHIDAC small animal PET scanner
(Oxford Positron Systems, Weston-on-the-Green, U.K.).60

Balb/c mice (male and female, 22-25 g) were anesthetized with
isoflurane (1.5%/0.3 L min-1) and placed on a heating pad to
maintain body temperature for insertion of tail vein catheters
(26GA, BD VasculonPlus). For PET acquisition, animals were
placed on a heat controlled multimodal scanning bed and PET
list mode data were acquired for 90min. The radioligand [18F]17
(5-10MBq in 100 μL, 200 μL saline flush) was injected 30 s after
the start of the acquisition. The scanner has an effective resolution
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of 0.7 mm (fwhm) in the transaxial and axial directions when
using an iterative resolution recovery reconstruction algorithm.
Subsequently, the scanning bedwas transferred to the computed
tomography (CT) scanner (Inveon, Siemens Medical Solutions,
U.S.) and a CT acquisition with a spatial resolution of 29 μm
was performed for each mouse. Reconstructed image data sets
were co-registered using extrinsic markers attached to themulti-
modal scanning bed and the image analysis software (Inveon
ResearchWorkplace 3.0, SiemensMedical Solutions, U.S.). On
the basis of the CT data, three-dimensional volumes of interest
(VOIs) were defined over the respective organs, transferred to
the co-registered PET data, and analyzed quantitatively.

% ID 3mL- 1 ¼ radioactivity ðcpsÞ=mL in the VOI

radioactivity ðcpsÞ mouse
� 100
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